We report the effect of padding on the efficiency of the pneumatic tourniquet for the upper limb. Varying thicknesses of two commercially-available types of orthopaedic padding (Cellona and Velband) were applied to the arms of 20 volunteers, with three pressure transducers placed directly beneath the padding. A tourniquet was positioned over the padding and inflated to 220 mmHg.
The tourniquet is almost indispensable in orthopaedic practice. The ability to obtain an operative field with little or no bleeding helps to provide a clear view and reduces blood loss. The modern pneumatic tourniquet was originally devised by Cushing in 1904 1 and with little change remains in contemporary use for most surgery on the upper and lower limbs. 2 In order to ensure its safe use Bruner published his 'ten rules' in 1951 3 which were subsequently modified by Braithwaite and Klenerman 4 and Kutty and McElwain. 5 One rule was to use padding beneath the tourniquet in the form of at least two layers of orthopaedic wool to reduce the chances of trauma to the skin. The influence of the circumference of the arm and thickness of the subcutaneous layer of fat on the minimum tourniquet pressures required to maintain a bloodless field have been reported. 6, 7 However, the effect of the padding on the efficiency of the tourniquet has not been investigated. Anecdotal evidence suggests that excessive padding reduces the pressure exerted and can lead to failure of the tourniquet. We have therefore studied the effect of the tourniquet padding on the amount of pressure transmitted to the underlying limb.
Patients and Methods
We recruited 20 healthy adult volunteers for the study, ten male and ten female, and investigated the difference between two types of commonly used orthopaedic wool, Cellona (Lohmann & Rauscher, s.r.l. Neuwied, Germany) and Velband (BSN Medical Ltd, Nelson, United Kingdom). A standard 460 mm × 100 mm tourniquet for the upper limb (Anetic Aid Ltd, Guiseley, United Kingdom) with a calibrated APT Mk3 Tourniquet Control Unit (Anetic Aid Ltd) was used for all examinations. A proprietary three-channel pressure measurement device (Medical Physics Dept, Hope Hospital, Salford, United Kingdom) was used and was calibrated against a Druck DPI 800 Pressure Calibrator (GE Druck, Leicester, United Kingdom).
The arm circumference for each subject was measured with a tape measure at the mid-point between the olecranon and acromion and three pressure transducers were then attached at this level, one anteriorly, one posteriorly and one medially. The tourniquet was then applied in a standard manner without any padding ensuring that the minimum overlap specified by the manufacturer was obtained. The tourniquet was centred over the midpoint of the arm. It was then inflated until 220 mmHg was registered on the control unit. This is the standard General inflation pressure for surgery on the upper limb in our department. The pressure transmitted to the arm was measured on the three-channel monitor. After deflation of the tourniquet two layers of Cellona padding were then carefully wrapped around the arm over the pressure monitors ensuring that there were no creases. The tourniquet was reinflated to 220 mmHg and new pressure measurements were obtained. It was estimated that each layer of padding was approximately 1 mm thick and would therefore increase the diameter of the arm by 4 mm if it were accepted that the cross-section of the arm approximated to a circle. In these circumstances the overlap of the tourniquet was reduced by approximately 12 mm (4 mm × π), an application to ensure that the resting pressure exerted by the tourniquet was the same for each measurement. This was confirmed by recording the pre-inflation pressures, which were generally approximately 10 mmHg. The entire procedure was then repeated with four and eight layers of padding. The overlap was adjusted based upon the equation previously mentioned. The same sequence was then undertaken using Velband padding. Statistical analysis. The mean of the three transducer readings was calculated, and the differences in the pressures measured for the various amounts of padding applied were analysed by single-factor repeated-measure multivariate analysis of variance (ANOVA). Differences in the pressure reduction between the two types of padding were analysed using paired sample t-tests. The statistical program SPSS version 13 (SPSS Inc., Chicago, Illinois) was used. Statistical significance was set at a p ≤ 0.05.
Results
The addition of padding beneath the tourniquet resulted in a reduction in the mean pressure recorded by the transducers applied to the skin. The means and ranges are presented in Table I . With eight layers of padding, mean reductions in pressure of 13% (1% to 26%) and 18% (7% to 35%) were seen with Cellona and Velband, respectively. With four layers, mean reductions of 5% (1% to 20%) and 11% (2% to 27%) were seen with Cellona and Velband, respectively. Single-factor repeated-measure multivariate ANOVA showed a significant effect for layers of padding with both Cellona (p < 0.0005, and Velband (p < 0.0005) (Fig. 1) . Paired sample t-tests showed that Velband padding caused a statistically significant greater reduction in pressure than Cellona padding with both four layers (p = 0.01) and eight layers (p = 0.01), but not with two layers (p > 0.1). We also examined the relationship between the circumference of the arm and the mean reduction in pressure due to padding (mean pressure with no padding minus mean pressure with padding) (Fig. 2) . The Cellona group showed little evidence of a trend among the subjects (Pearson's correlation coefficient 0.271, p = 0.276), but the Velband group had a positive correlation between the observed pressure decrease due to padding and arm circumference when the two outlying values were discounted (Pearson's correlation coefficient 0.711, p < 0.001). A significant positive correlation was also seen in the four-layer Velband group (Pearson's correlation coefficient 0.617, p = 0.006), but in no other group. If the mean arm circumference of 28.3 cm is used to separate the subjects into two groups, the mean pressure reduction with eight layers of Velband was 45.4 mmHg (20%) for the > 28.3 cm group and 34.6 mmHg (16%) for the < 28.3 cm group. With four layers of Velband the mean pressure reduction was 35.1 mmHg (16%) for the > 28.3 cm group and 15.2 mmHg (7%) for the < 28.3 cm group.
Discussion
Studies concerning pneumatic tourniquets have focused on how factors such as the circumference of the arm and systolic blood pressure affect the minimum required inflation pressures. Van Roekel and Thurston 7 suggested that an inflation pressure of 200 mmHg was required for an average-sized normotensive subject. Cadaver studies have shown that the transmitted pressure within the limb is inversely proportional to the circumference of the arm. 8 However, there have been no studies on the influence of the tourniquet padding on the transmitted pressure. Layers of padding Our study has shown that if a tourniquet is applied over eight layers of Velband padding, the pressure exerted on the arm may be reduced by a mean of 18%. The reduction in pressure was less marked with Cellona padding, but was still a mean of 13% with eight layers of padding. In both of these situations the effectiveness of the tourniquet is likely to be affected. Padding with eight layers seemed to be excessive, but personal observation has shown that theatre staff often use the entire roll of padding which approximates to eight layers. Even with only four layers of padding a decrease of 5% was seen with Cellona and of 11% with Velband. The difference between the two materials is probably due to the three-layer structure of Velband, rendering it less compressible and transmitting less pressure than Cellona which has a monolayer structure. 9 The effect of padding may also be exaggerated with increasing circumference of the arm. A positive correlation between the pressure reduction and arm circumference was noted in the four-and eight-layer Velband group. Significant correlations were not found with Cellona padding, but this may have been due to the small number of subjects in the study. The reduction in pressure exerted by the tourniquet may have been due to a reduction in the amount of overlap between the ends of the tourniquet as the circumference of the arm increased, possibly reducing the efficiency of the device.
In conclusion, our data show that excessive tourniquet padding may reduce the efficiency of the tourniquet and this effect is amplified with increasing arm circumference. We also demonstrated that the reduction in pressure is greater with Velband than with Cellona padding. From these data we suggest a further modification to Bruner's ten rules in that tourniquet padding should not exceed two layers of padding in order to avoid a significant reduction in the transmitted pressure beneath the tourniquet.
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